The reliability of solder joints is affected significantly by thermomechanical properties such as creep and thermal fatigue. In this work, the creep of directionally solidified (DS) Sn-3Ag-0.5Cu wt.% (SAC305) dog-bone samples (gauge dimension: 10 9 2 9 1.5 mm) with a controlled <110> or <100> fibre texture is investigated under constant load testing (stress level: $ 30 MPa) at a range of temperatures from 20°C to 200°C. Tensile testing is performed and the secondary creep strain rate and the localised strain gradient are studied by two-dimensional optical digital image correlation (2-D DIC). The dominating creep mechanisms and their temperature dependence are explored at the microstructural scale using electron backscatter diffraction (EBSD), which enables the understanding of the microstructural heterogeneity of creep mechanisms at different strain levels, temperatures and strain rates. Formation of subgrains and the development of recrystallization are observed with increasing strain levels. Differences in the deformation of b-Sn in dendrites and in the eutectic regions containing Ag 3 Sn and Cu 6 Sn 5 are studied and related to changes in local deformation mechanisms.
INTRODUCTION
In the transition to lead-free electronics, 1 Sn-3.0Ag-0.5Cu (wt.%) (SAC305) has become a widely used commercial solder that can outperform Sn37Pb joints in thermal cycling. 2 However, the advantages of SAC305 over other compositions diminishes as the severity of the thermal cycle increases 2 and SAC305 often suffers from poor drop impact reliability. 3, 4 Therefore, there is a need to better understand the microstructural origin of deformation and failure of SAC305 solder to develop improved solder joints.
SAC305 contains more than 95% b-Sn with a body centred tetragonal (BCT) structure and anisotropic mechanical and thermophysical properties; e.g., the coefficient of thermal expansion (CTE) is two times larger along the c-direction than along the a-and bdirections; likewise, the c-direction is approximately three times stiffer than the a-and b-directions. 5, 6 Moreover, although the liquidus temperature of SAC305 ($ 217°C 7 ) is significantly higher than for Sn-37Pb, SAC305 has a working temperature of 60-80% of its melting temperature, which means that creep occurs even at room temperature (25°C is T T M $ 0.6). Several previous studies have examined the creep behaviour of Sn-Ag-Cu, Sn-Ag and Sn-Cu solders in both bulk [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and joint form, 13, 14, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] where variations in stress exponent (n) and activation energy (Q) values are reported with different proposed mechanisms. The disagreements may be justified by differences in testing methods, temperature ranges and sample preparation methods. It is indicated that climb-controlled dislocation creep is the dominating mechanism for solder alloys because of the high dependence of secondary creep rate on the tested stresses and temperatures. 8, 14, 25, 28 By using transmission electron microscopy (TEM), Sidhu et al. 13, 14 have concluded that for several bulk and joint Sn-rich SAC alloys, the deformation is controlled by subgrain formation from 25°C to 130°C. The size of the subgrain is controlled by the IMC particles (Ag 3 Sn and Cu 6 Sn 5 ) in the bulk. Lin et al. 8 supported dislocation creep as the dominating mechanism using tensile testing of bulk Sn-3.5Ag samples. The samples underwent ductile failure and the creep resistance decreased with increasing temperature, and increased with larger IMCs volume. 8 The same mechanism was also suggested by Talebanpour et al. 28 using a cylinder indenter to carry out indentation creep, by Ogawa et al. 25 with indentation testing, by Chen et al. 30 with in situ tensile testing and by Kariya et al. 10 with tensile testing of miniature samples. The samples were deformed and showed high ductility 8, 12, 23, 26 where dislocations firstly pile up to form low-angle grain boundaries (LAGBs). As the strain rate increases, both recovery and recrystallization take place to reach an equilibrium stage. The high angle grain boundaries (HAGBs) then form with further straining, leading to void formation and crack propagation through the HAGBs during tertiary stage creep. Zhang et al. 26, 27 used Sn-Ag/Cu solder joints to carry out in situ creep fatigue tests. Their EBSD results reveal that the IMCs act as strain concentrators, resulting in grain subdivision in the secondary creep stage. The generation of recrystallization is caused by grain rotation with dislocation climb and grain boundary sliding. 26 Xu et al. 23 pre-annealed the SAC305 solder joints at 210°C for increasing times. Increased ductility was obtained with decrease in secondary creep strain rate from 4.7 9 10 À6 s À1 to 0.6 9 10 À6 s À1 . The influence of the orientation of single crystal specimens was studied by Mukherjee et al. 24 and the creep strain level decreased by 1-2 orders of magnitude when the crystal orientation along the loading direction changed from [001] to [010] and [100]. However, no microstructural evidence was provided in the reported work.
Prior research 11, 16, 22, 31 has suggested a change in mechanism at higher temperature (T ‡ 0.7 T M ) to diffusion creep, i.e., a decrease in stress exponent (n). For solder composition Sn-3.9Ag-0.6Cu, Vianco et al. 16, 17 indicated a change in creep mechanism for bulk solder at high and low temperatures. In the low temperature regime (À 25-75°C), dislocations act as obstacles to reduce diffusion path, which is perhaps the result of a recovery or recrystallization assisted diffusion mechanism, while the high temperature regime (75-160°C) predominantly occurred by lattice or bulk diffusion mechanisms. This change in mechanism is supported by Lee et al. 22 using Cu/Sn/Cu single-lap specimens, Mayer et al. 31 who tested both pure Sn and Sn-Ag 3 Sn eutectic with micropillar compression, and Mathew et al. 11 showed good agreement between solderbump array samples under shear loading and bulk samples through tensile testing at room temperature. Similar microstructural deformation mechanisms were suggested in terms of different testing methods, such as shear testing, 32, 33 thermal cycling, 6, 34 thermal shock 35, 36 and thermomechanical fatigue 5, 37 for solder joints. They concluded that the tested solder joints deformed by continuous subgrain rotation, which controls the recrystallization of the grains. The subgrains were formed at locations with IMCs which concentrates the dislocations.
As we know, the SAC solder joints form a microstructure of b-Sn dendrites and b-Sn + intermetallic compound (IMC) eutectic regions after solidification, which contains Ag 3 Sn and Cu 6 Sn 5 eutectic IMCs. 38, 39 Also, each solder joint has different b-Sn crystal orientations and number of grains. [39] [40] [41] [42] For SAC305, each joint normally has 1-3 b-Sn grains, typically as a single grain joint or the joint contains cyclic twinned grains. [43] [44] [45] [46] In the present work, directional solidification (DS) 47, 48 to generate controlled microstructures relevant to SAC305 solder joints. 39, 40, 42, 43 The creep behaviour of these controlled microstructures is then investigated under constant load testing at a range of temperatures (20-200°C) . The secondary creep strain rate, the dominating creep mechanism, and its temperature dependence are explored. The microstructural evolution mechanisms of the sample are examined by electron backscattered diffraction (EBSD) and are mainly focused on the onset of secondary and tertiary creep. The strain field of the sample is measured by two-dimensional digital image correlation (2-D DIC). The role of IMCs in the eutectic within the bulk matrix, the variation of crystal orientations and the number of grains, i.e., the presence of a grain boundary, of each sample are considered during creep testing to investigate their effect on strain accumulation and microstructural evolution on creep reliability of the SAC305 solder alloys. These observations could be extended for understanding thermal loading of solder joints.
EXPERIMENTAL PROCEDURE
A dog-bone shape was designed to confine creep deformation to the narrow-gauge region. The samples were initially cut from a flat cold-rolled SAC305 sheet (which was rolled from a SAC305 metal bar to 1.5 mm thickness). The dog-bone shape was cut using electrical discharge machining (EDM) into a 10 (gauge length) 9 2 9 1.5 mm dimension (Fig. 1a) . The rolled and machined sample has multiple and small grains with random orientations (Fig. 1c) . In this experiment, controlled microstructures were grown in dog-bone samples by Bridgman growth in a temperature gradient furnace with a 350°C hot zone and $ 25°C cold zone, similar to that used in Ref. 49 . Subsequently, the rolled sample was directionally solidified (DS) by pulling the dog-bone along its length at a constant velocity of 20 lm/s through a temperature gradient of $ 3 K/mm. This produced dog-bone samples with a structure of b-Sn dendrites and interdendritic eutectic containing b-Sn, Ag 3 Sn and Cu 6 Sn 5 (Fig. 1d) , with 1-3 long columnar b-Sn grains along its gauge with a controlled orientation between <100> and <110> in its loading direction (LD) (Fig. 1e) . These DS samples were used for mechanical testing.
The sample was then fitted inside the 2 kN Gatan Mtest2000E tensile stage for creep testing (Fig. 1b) . Load controlled deformation was performed using closed loop control within the Microtest stage, and the tests were carried out at a constant applied stress of 30 ± 2 MPa. Deformation was performed at a range of temperatures, including room temperature, 45°C, 60°C, 90°C, 120°C, 150°C, 180°C and 200 (± 0.4)°C. The tests were interrupted shortly after the onset of secondary creep (after $ 120 s) and stopped at the end of tertiary creep stages. The sample was removed from the load frame and EBSD scans were performed in the SEM at these two stages. The sample was then replaced within the loading frame to resume the creep test between the two EBSD scans. The EBSD maps were scanned using a Bruker e-Flash HR EBSD detector inside a Quanta FEG 450 SEM with a step size of 6 lm and 0.4 lm for large scale and high magnification inverse pole figure (IPF) maps, respectively. The data was analysed by Bruker ESPRIT 2.1 software during scanning and the EBSD maps were postprocessed with ''absorb surrounded zero solutions''.
Samples were prepared to a high-quality surface finish suitable for both DIC and EBSD. This was achieved using mechanical polishing with a 0.05 lm colloidal silica finish. Due to the fact that the b-Sn is much softer than the eutectic IMCs, slight roughness was generated between the b-Sn and IMCs during mechanical polishing. Therefore, the final specimen surface was polished with broad ion beam milling using a Gatan PECS II to firstly flatten the specimen surface and then was introduced a very slight surface roughness which is suitable for DIC. The PECS II was operated in etching mode at a beam voltage of 3 keV and a tilt angle of 1°to flatten the IMCs, followed by 3 keV and 3°, in order to generate long strip speckle patterns on the surface. Ion polishing was performed for 3 h in total.
Creep strain curves were measured by 2-D optical DIC. The curves were formed from fields of the normal strain along the loading direction, extracted from the surface strain field plots by taking the arithmetic mean of each strain field map at each time-step. DIC was performed within DaVis with the following DIC settings: window size 65 pixels, overlap 16 pixels, field of view 10 9 2 mm, i.e., $ 860 9 174 pixels, with images captured at 14 bit depth, and an effective pixel size of 11.5 lm/pixel. Each optical micrograph was captured with a QImaging Retiga QIClickä camera attached to a Brunel Microzoom inspection microscope operating at a frame rate of 1 Hz.
RESULTS AND DISCUSSION

Creep Strain Curves
The creep strain curves for primary creep and the early stages of secondary creep (the first 120 s) are given in Fig. 2a for tests at 298-473 K. From the creep strain rate versus strain curves in Fig. 2b , a linear relationship with a constant gradient close to 0 is presented once secondary creep is achieved (Fig. 2b) , which allows the onset of secondary creep to be identified.
The strain at the onset of secondary creep decreases with the testing temperature ( Fig. 2c) , especially between 298 K and 333 K. This might be caused by increasing dislocation climb at higher temperature (298-333 K), which enables recovery to more easily balance the work hardening. At even higher temperature (363-473 K), the deformation mechanism changes gradually with an inflection at $ 343 K, as indicated by Fig. 2d . This transformation could be a change from dislocation limited processes to diffusion limited deformation processes. Towards the melting temperature (T M = 490 K) the onset of secondary strain rate tends towards zero. It is anticipated that onset of secondary creep will occur at even greater strains at lower temperatures, as there is a total reduction in creep deformation at these lower temperatures due to the thermal activation of dislocation motion. Figure 2d shows a plot of ln (secondary creep strain rate) versus the reciprocal temperature. Analysis of the gradient of this data enables calculation of the activation energy, Q. The data can be represented by two different temperature ranges with separate linear fits. From room temperature to 333 K the Q is 41 kJ/mol, implying that a climbcontrolled dislocation mechanism is the predominant mechanism in this low temperature regime. A much flatter slope occurs beyond 363 K with a Q value of 6 kJ/mol, suggesting a fast diffusion path might take place, probably due to the change into a lattice diffusion mechanism assisted by recovery and recrystallization in the high temperature regime. This is also supported through observation of a decrease in the strain at onset of secondary creep at higher temperatures (Fig. 2c) , i.e., the recovery process happens at lower creep strain level because of less dislocation formation and motion, but more diffusion occurs. This change in creep mechanism happens at T T M $ 0.7, $ 343 K, which is in agreement with some literature 16, 17, 22 that the change in mechanism from climb-controlled dislocation creep to lattice diffusion creep takes place at 70-80% of the melting temperature depending upon the initial microstructure of samples.
The creep curves from the onset of secondary creep until a creep strain of $ 10% are shown in Table S1 summarises the creep data and the orientation and number of b-Sn grains in each sample. The secondary creep strain rates increase with increasing temperature from the order of 10 À4 %s À1 to 10 À3 %s À1 . The samples containing an initial near [110] crystal orientation achieve a relatively low creep strain at the end of testing, 6.8% and 5.5% for 298 and 318 K (low temperature regime: 298-333 K), and 26.2% and 34.2% for 453 and 473 K (high temperature regime: 363-473 K), whilst the samples with main orientations near [100] achieve a higher creep strain 16.9% and 42.3% at fracture for the lower and higher temperature regime, respectively. (The sample tested at 393 K and 473 K was not fractured). In tension, a total creep strain before failure can be larger along the [100] crystal direction, than [110] . The process of microstructural change is explored by EBSD in the next section.
Strain Field and Crystal Orientation of [100] [110] Bi-crystal Sample
The large scale IPF map in Fig. 3a shows the initial crystal orientations and grain structure of the bi-crystal sample tested at 120°C (
There are two major crystal orientations and these two orientations are near [110] and [100] in the loading direction (LD).
The DIC figures show that the bi-crystal sample has significant deformation heterogeneity in this length scale during creep straining. The high strain field starts to develop within one particular section highlighted by the red square in Fig. 3b . The sample has a mean strain of 0.54% at the onset of secondary stage creep (Fig. 3b and c) . Most of the creep strain initiated at the interface between the blue [110] and the green [100] crystal orientations on the IPF-LD map in Fig. 3a , and the [110] grain seems to accumulate more creep strain at this stress level.
The frequency histogram (Fig. 3h) illustrates the spatial variations in strain field between Location 1 and 2 near the onset of secondary creep at 120 s Supplementary Table S1 ).
(extracted from Fig. 3c ). Location 2 generates 0.8% of strain and has a main blue orientation close to [110] , while Location 1 has about 0.4% of strain with a main green crystal orientation near [100], which is half of the location 2.
As the testing continues, more strain is accommodated at the two ends (Fig. 3d-f) . A rapid increase in strain rate is obtained when the sample entered the tertiary stage creep. The sample forms a semi-stable neck which initiates near the grain boundary at Location 2, which is localising the heterogeneous deformation especially in the grain boundary region (Fig. 3f) . During necking, there is significant localisation of creep strain (Fig. 3f) and surface roughening. The EBSD map (Fig. 3g) indicates that there is significant grain fragmentation and a new grain orientation is observed in this region (likely due to recrystallization). Figure 3i gives the frequency histogram at Location 1 and 2 at the end of the creep test (extracted from Fig. 3f ). The localised strain at Location 2 is $ 12% on average, while Location 1 only has $ 2.5% strain, which means that the heterogeneity of deformation increases during creep. The orientation spreading and formation of new orientations are observed by comparing the pole figure (PF) map in the DS-ed condition (Fig. 3j) with the one in tertiary stage creep (Fig. 3k) , which indicates the gradual rotation of orientation and generation of recrystallization. The details of the microstructure within the two grains are explored in the next section.
Microstructure of the [100] [110] Bi-crystal Sample Within the Non-necking Region
The microstructure of the bi-crystal sample within the non-necking region, i.e., location 1 in Fig. 3c and f, is given at different stages of creep in Fig. 4b -g, which come from the red squared region in Fig. 4a . As shown in Fig. 4a , there are four noticeable grain orientations in this location after DS. Two small grains (labelled as 1 and 2) are embedded inside the main orientation, which is close to [100] .
The subgrains are formed quite early as shown in Fig. 4b and c. Their growth is preceded by the formation of significant misorientation (as indicated with higher misorientation to average, MO av., plots) and these are localised around IMCs and annotated with red arrows in Fig. 4c , even in the DS condition. Regions of high misorientation area are also generated within the dendrite, which are annotated with yellow arrows in Fig. 4c , likely due to CTE mismatch between the b-Sn dendrite and IMCs and the softness of b-Sn. Overall, the initial deformation is heavily length scale modulated by the IMCs.
For deformation in the early stages of secondary creep, the MO av. decreases smoothly across the map as given in Fig. 4e with red and yellow arrows labelled for eutectic and b-Sn dendrite regions, respectively. The two small grains 1 and 2 are removed from the initial microstructure (Fig. 4d) , which might be caused by recovery processes where the material is annealing because deformation happens at Fig. 2d . Figure 4f and g illustrate that the high misorientation regions developed more significantly at the tertiary stage creep with a creep strain level (average in location 1) about 2.5% (Fig. 3f) . These regions are introduced in the eutectic region as a result of the heterogeneity associated with the presence of IMCs with red arrows labelled. It is noticed that a larger high misorientation region (Fig. 4g) is developed in the same region where the two small grains 1 and 2 were located initially and spreads towards the initial grain boundary on the lower right of the map. Perhaps, the grain boundary is concentrating the dislocations and causing the formation of the subgrain. Although recrystallization has not been retriggered here yet, the start of the recrystallization story can be seen visibly. It is believed that this particular region with main orientation near [100] grain has not reached tertiary stage creep at the end of the test.
Microstructure of the [100] [110] Bi-crystal Sample Within the Necking Region
In the necking region shown in Fig. 5 , the sample has been locally strained to about 12% (as measured from DIC, in Fig. 3f ). The surface roughness of the sample (Fig. 5b) increased significantly in this region compared to the non-necked region (Fig. 4) . Recrystallization was generated as illustrated in Fig. 5a , and the recrystallized grains ( Fig. 5c and e) have a similar length scale as the formed subgrains in the early stage ( Fig. 4f and g ). These recrystallized grains tend to have minimal internal misorientation (as expected from a recrystallization process) and the misorientation maps ( Fig. 5d and  f) show that some recrystallized grains are close in orientation. Locations within the sample have high MO av., which increases greatly to 15°, as given by the Fig. 5d with MO av. per grain map colour key 0-15°. A high MO av. implies significant local constraint which results in an increase in crystal rotation. 50 The centre of the necking region ( Fig. 5e and f) has a greater amount of local deformation in this region. Figure 5f shows that the constrained misorientation (Fig. 5d ) has been released due to the generation of recrystallization. It can be seen that the MO av. is still relatively higher in the eutectic region around IMCs than around the b-Sn dendrites. It is observed from Fig. 5e that the b-Sn within the eutectic region has similar 'rainbow colour' recrystallization as the b-Sn within the dendrite, but the b-Sn in the eutectic has a much smaller grain size. It is believed that the deformation of the sample is initiated in the b-Sn within the eutectic region near IMCs and runs through the bSn dendrite as evidenced by in-grain lattice rotations. An increase in the in-grain lattice rotations corresponds to an increase in stored energy, and eventually this leads to enough energy to drive recrystallization nuclei to segment the initial grain, which occurs in the tertiary stage creep.
With testing at higher temperatures the microstructure sensitivity between grains increases. A strong heterogeneous deformation is observed, even during the primary to secondary stage creep. There is even more heterogeneity associated in the secondary to tertiary stage creep.
Strain Field and Crystal Orientation of [110] Single Crystal Sample
A mainly single crystal orientation sample, which is between [100] and [110] in the loading direction was deformed at room temperature, i.e. $ 25°C (
The crystal unit cells of the orientations are shown with the main orientation highlighted by a red square together with the IPF-LD map (Fig. 6a) .
From the strain field ( Fig. 6b and c) , the sample deformed with a little heterogeneity at the starting point from the primary to secondary stage, but, in general, there is fairly homogenous deformation unlike the bi-crystal sample (Fig. 3 ). It reaches a strain level of 1.8% at the onset of secondary stage creep.
The DIC figures (Fig. 6d-f) show no obvious necking for this single crystal sample until fracture. This implies that this single-crystal is much more ductile than the bi-crystal sample (Fig. 3) . From the IPF-LD map after fracture (Fig. 6g) , the gauge of the sample is elongated (about 7% of its original length) and deformation is relatively stable in this creep regime. Within this deformed gauge, the dendrite arms are bent and thinned, likely due to deformation within tertiary stage creep. The DIC figures in Fig. 6d-f show strain from secondary to tertiary stage creep, which reveal the gradual increase in heterogeneity during deformation which is associated with the bending at the top end of the sample (Fig. 6g) , where the dendrite and eutectic regions are indicated with red and yellow arrows.
The second crystal orientation, green, is appearing in the eutectic regions during creep, which is indicated with red arrows in Fig. 6g . The orientation changed smoothly by rotating towards [100].
The corresponding crystal unit cell shows slight rotation for the main orientation (Fig. 6g) . A little spread in the PF is observed by comparing the as-DS condition (Fig. 6h) with the one in tertiary stage creep (Fig. 6i) . Recrystallization is only observed at the fracture surface and the detail of the microstructure is given in the next section (Figs. 7 and 8) .
Microstructure of the [110] Single-Crystal Sample Within the Non-necking Region
The microstructure of the single-crystal sample within the non-necking region is shown in Fig. 7 for different stages of creep. It shows a clear single crystal orientation in the IPF-LD map ( Fig. 7b and  d) for both the DS condition and at the onset of secondary stage creep. The misorientation starts to develop in the eutectic region around IMCs (indicated with red arrows in Fig. 7e ) at the onset of secondary stage creep, which is related to the incoherent boundaries between IMCs and b-Sn. However, no special indication shows which IMCs, i.e., Ag 3 Sn and Cu 6 Sn 5 localises more strain.
The misorientation in b-Sn dendrites has no obvious change from the primary to secondary stage creep, while the eutectic regions show increased Fig. 7c and e) . A significant increase in misorientation is observed at the onset of the tertiary stage creep, and the high misorientation regions are mostly localised in the eutectic regions (Fig. 7g) . The crystal orientation (Fig. 7f) is changed slightly by rotating towards the [100] direction and Fig. 7g shows that misorientation starts to develop in the pure b-Sn regions and subgrains are formed. Furthermore, no obvious coarsening of IMCs is observed for the sample, and this particular region has not reached tertiary stage creep at the fracture point.
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Microstructure of the [110] Single-Crystal Sample Within the Necking Region
The role of the IMCs on heterogeneous creep deformation is illustrated within a necked region of the single crystal sample deformed at room temperature, as shown in Fig. 8a . The undeformed crystal orientation of this single crystal has an orientation close to [110] (i.e., a darker blue) which is observed within the dendrite regions. The intermetallic-containing eutectic regions show significant b-Sn lattice rotation towards the [100] crystal direction (in green/cyan), indicating that there is more creep deformation within these microstructural regions, and this results in a clear demarcation of the underlying microstructure within the IPF map in Fig. 8a .
At the fracture surface, recrystallization developed (Fig. 8a) . Within this field, the orientation field is also heavily modulated by the presence of the IMCs and the dendrite structure around them. The higher magnification IPF map within the bending region (Fig. 8b) , shows that the b-Sn dendrites are elongated in the loading direction. The main crystal orientation is moving close to [100] . This implies that the initial crystal orientation is rotated gradually during creep to form the green-cyan orientation near [100] at the fracture surface (Fig. 8e) . The second orientation (yellow, which is indicated with red arrows) is appearing in the eutectic regions near IMCs (Fig. 8c) . Furthermore, it can be seen that the closer the distance to the fracture surface, the higher the misorientation of the sample (Fig. 8d  and f) . Figure 8d and f show strong subgrain formation in both the b-Sn dendrite and eutectic regions. The eutectic b-Sn regions have more rotation relative to the b-Sn dendrites (Fig. 8e) and a new crystal orientation with a component towards [001] (yellow) develops more in the eutectic regions. The increase in surface roughness is less notable as in the bicrystal sample (Fig. 8c) , and this is likely due to the lack of recrystallization and more homogenous deformation processes. Also, the MO av. illustrated in Fig. 8f has a much higher value than in the bicrystal sample (Fig. 5f ) at the fracture tip, which indicates that there is significant stored energy within this region.
CONCLUSIONS
The creep behaviour and microstructural evolution of bulk SAC305 solder alloy are studied in this project. Controlled microstructures were generated by solidifying dog-bone samples by Bridgman growth which produced a similar number of b-Sn grains, b-Sn orientations, and lengthscale of the eutectic Ag 3 Sn and Cu 6 Sn 5 in all samples prior to creep testing.
The samples tested here have key similarities to the microstructure of a real SAC solder joint, i.e., a similar number of tin grains (1-3) , the similar microstructures with b-Sn dendrites, and fine IMCs in eutectic regions (but the IMCs here are larger than found in a typical joint to aid characterisation here). The Bridgman grown samples enable consistent microstructures to be tested and promote understanding of fundamental mechanisms. This avoids addressing the stochastic nature of real solder joint microstructures, which have variations from joint to joint due to differences in undercooling. A benefit of using larger IMCs is to enhance the localisation of strain during creep deformation, so as to make it easier to observe the difference between the phases (the nature of heterogeneous deformation) during creep. Further work is planned to explore the role of IMCs size on strain localisation during deformation.
The following conclusion can be drawn from this work.
At a constant stress of 30 MPa, shorter secondary creep lifetime and greater secondary creep strain rate are obtained at elevated temperature. The strain at the onset of secondary creep decreases with temperature, which is caused by less dislocation formation and motion, but more diffusion at higher temperatures, i.e., recovery takes place at lower creep strain level at higher temperature. A significant change in secondary creep strain rate is found beyond homogenous temperature $ T T M = 0.7. This is associated with a change in creep mechanism from climb-controlled dislocation creep to lattice diffusion creep. This causes a decrease in the activation energy, Q, in the high temperature regime (363-473 K) relative to the low temperature regime (298-333 K), the values of Q are 41 kJ/mol and 6 kJ/mol, respectively. Ductile failure was observed for all single, bicrystal and tri-crystal samples in tertiary stage creep. Bi-crystal and tri-crystal samples tend to deform with stronger heterogeneity and less ductility than single-crystal samples (see supplementary Figures S1-S4 ). This deformation heterogeneity is associated with the presence of the grain boundary. Moreover, the [100] crystal orientation seems to be able to carry more creep strain and deform with less ductility than the [110] crystal orientation during creep. The deformation of the SAC305 samples is initiated in the eutectic regions near IMCs with high misorientation development and runs through the b-Sn dendrite by grain rotation. When rotated enough, this leads to subgrain formation, and provides sufficient energy to generate recrystallization which is localised near the ultimate fracture point of each specimen. This failure phenomenon is enhanced at elevated temperature due to the increase in dislocation climb and grain boundary mobility. DS SAC305 contains two distinct microstructural regions, containing primary b-Sn dendrites and a eutectic consisting of b-Sn and fine scale IMCs.
These deform differently during creep. An increase in MO av. is observed in regions close to the IMCs which highlights the role of strain gradients in these regions of high microstructure contrast. These regions seem to dominate recrystallization events, perhaps due to the role of stored energy which can act to initiate recrystallization. Deformation within the eutectic and around the IMCs is highly localised, whereas the deformation within the dendrite is more spatially extensive. The difference in deformation patterning results in a change in the localisation of stored energy and therefore the likelihood of local recrystallization. 'Rainbow' recrystallization is promoted in the later stages of creep, where grains with a multiplicity of orientations are generated in the single crystal regions. The length scale of this recrystallization is related to the dendrite and IMCs spacing for each region.
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